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Circular permutation analysis has detected fairly
strong sites of intrinsic DNA bending on the promoter
regions of the yeast GAL1–10 and GAL80 genes. These
bends lie in functionally suggestive locations. On the
promoter of the GAL1–10 structural genes, strong bends
bracket nucleosome B, which lies between the UASG and
the GAL1 TATA. These intrinsic bends could help posi-
tion nucleosome B. Nucleosome B plus two other pro-
moter nucleosomes protect the TATA and start site ele-
ments in the inactive state of expression but are
completely disrupted (removed) when GAL1–10 expres-
sion is induced. The strongest intrinsic bend (;70°) lies
at the downstream edge of nucleosome B; this places it
approximately 30 base pairs upstream of the GAL1
TATA, a position that could allow it to be involved in
GAL1 activation in several ways, including the recruit-
ment of a yeast HMG protein that is required for the
normally robust level of GAL1 expression in the induced
state (Paull, T., Carey, M., and Johnson, R. (1996) Genes
Dev. 10, 2769–2781). On the regulatory gene GAL80, the
single bend lies in the non-nucleosomal hypersensitive
region, between a GAL80-specific far upstream pro-
moter element and the more gene-proximal promoter
elements. GAL80 promoter region nucleosomes contain
no intrinsically bent DNA.
The bonds that form the backbone of DNA have significant
rotational freedom. As a result, DNA is typically a flexible
macromolecule. However, it was established some time ago
that particular DNA sequences can cause a region of DNA to
assume a distinct nonlinear curved structure (for reviews, see
Refs. 2–5). This property is referred to as intrinsic DNA bend-
ing or DNA curvature. Intrinsically bent DNA has a preferred
conformation and thus is more rigid than a typical DNA mol-
ecule, a property that causes this DNA to migrate more slowly
than random (non-bent) DNA during polyacrylamide gel elec-
trophoresis (6, 7).
Intrinsic DNA bending has been found to play a significant
role in the transcriptional regulation of many prokaryotic
genes (8, 9). In prokaryotes, intrinsic bending helps implement
both repression and activation, operating by a number of dis-
tinct mechanisms. However, the possible role of intrinsic bend-
ing in eukaryotic transcription is less clear. Schroth et al. (10)
described two intrinsically bent regions that flank the tran-
scription start site of rRNA in Physarum. An intrinsic bend in
the promoter region has been detected on several human genes:
b-actin (11), b- and e-globin (12), and cdc2 (13). Intrinsic bends
that are binding sites for transcription factors are found in the
E2F consensus recognition site (14) and in an enhancer of the
human interferon b gene (15). Of course, there are numerous
examples of protein-induced DNA bending on eukaryotic pro-
moters involving both “architectural” proteins like HMG1 (16)
and specific transcription factors (14–15, 17–20).
For a number of years, our laboratory has been studying the
yeast GAL genes, one of the most intensely studied model
systems for eukaryotic gene regulation (21–25). The structural
genes, e.g. GAL1–10, are induced to very high level expression
in galactose by the action of the activator Gal4p. Gal4p binds to
activation sequences (UASG) that lie upstream of GAL genes
(Fig. 1) and activates transcription in a process that depends on
gene-proximal TATA elements and involves numerous coacti-
vators and general transcription factors including TBP (for a
review see Ref. 25). The activation function of Gal4p is modu-
lated by Gal80p, an inhibitory regulator that binds specifically
to the activation domain of Gal4p, thus preventing gene acti-
vation in nongalactose carbon sources (21). The gene that en-
codes this negative regulator is constitutively expressed at a
basal level in all carbon sources via an Inr element located at
11 and at higher induced levels in galactose through a UASG
and TATA (26, 27). Both basal and induced GAL80 expression
depend on the UASGAL80 (Fig. 1), a far upstream GAL80-spe-
cific activation sequence (27).
During the course of working with GAL promoter region
DNA, we have noticed gel migration anomalies. The results
presented below confirm the source of these anomalies, intrin-
sic DNA bends on the GAL1–10 and GAL80 promoter DNAs.
The extensive knowledge base for GAL regulation allows us to
correlate quite accurately the locations of the intrinsic bends
with the locations of known DNA regulatory sites on these
promoters. In addition, the chromatin structure of both the
GAL1–10 (28) and GAL80 promoter regions (29) are known, as
well as the role that promoter nucleosome structure plays in
regulation of the GAL genes (cf. Refs. 25 and 30). Thus, perhaps
more importantly, we are also able to correlate bend locations
with promoter nucleosome locations, a comparison that has not
been possible with the intrinsic bends detected on other eu-
karyotic promoters. Indeed, this comparison provides some
very interesting results regarding the relationship of bends and
nucleosomes.
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EXPERIMENTAL PROCEDURES
Plasmids containing the promoter regions of GAL1–10 or GAL80 (29,
31) were isolated according to Birnboim (32) and the insert DNA excised
from the plasmids by restriction digestion as follows: EcoRI to release a
907-bp fragment containing the GAL1–10 intergenic region; EcoRI-NcoI
to release a 1005-bp fragment containing the upstream and 59 coding
region of GAL80. The insert DNA was separated from the plasmid
vectors by preparative gel electrophoresis, the bands of interest were
identified by UV shadowing, and the DNA was eluted from the gel by a
gel crush method (33).
Gel Mobility—Restriction digests of promoter region DNA were elec-
trophoresed on analytical gels (7.5%, 29.4:1 acrylamide:bisacrylamide-
TBE), along with DNA size standards (pBR322-MspI, fx174-HaeIII) at
4 °C and 1.5 V/cm for 96 h in the absence or presence of 1 mg/ml
ethidium bromide in the gels (34). The relative migrations (Rf) of DNA
fragments were calculated by dividing band migration distances by the
migration distance of a DNA standard, which would correspond to the
same number of base pairs, determined from a plot of migration dis-
tance versus size for standard reference digests, e.g. pBR-MspI. This
method avoids the possibility of an intrinsically bent standard DNA
fragment affecting promoter Rf values.
Circular Permutation—The desired DNA fragment was cut out from
the promoter region DNA by restriction digestion and isolated using
polyacrylamide gel electrophoresis, UV shadowing, and gel crush as
described above. To make concatamers of the fragment, a T4 ligase
blunt end reaction was carried out at 16 °C for 2–6 h, and BamHI
linkers were then ligated to the ends of these fragments (T4 ligase,
16 °C for 16 h). The resulting products were digested with BamHI and
analyzed on a 1.5% agarose gel to estimate the DNA concentration. This
concatamer mixture was ligated into a BamHI cut (and dephosphoryl-
ated) pBSK1 vector under sticky end ligation conditions (1:1–4:1 insert
to plasmid molar ratio), transformed into a UV-XL1Blue Escherichia
coli host and grown in L broth to stationary phase with ampicillin
selection (35). The resulting library was screened for the desired head-
to-tail dimer insert using standard a-complementation and miniprep
restriction digest screening techniques (35). The desired dimeric frag-
ments were isolated using polyacrylamide gel electrophoresis/UV shad-
owing/gel crush.
For the circular permutation assay, a head-to-tail dimer fragment
was cut with various single cut (per monomer unit) restriction enzymes
and analyzed on polyacrylamide gels (8%, 1-mm thick) run at 4 °C and
1.5 V/cm for 120–200 h. Rf values for the monomer fragments were
calculated by dividing the migration distance for the fragment by the
migration distance of a standard DNA fragment of the same length
(obtained from a plot of log bp versus migration for a standard restric-
tion digest). The bend center was determined as the intersection of two
lines on the plot of restriction cut site versus Rf from the circular
permutation analysis. Each line was a best fit of a weighted least
squares formula for data approaching the maximum Rf from the left or
right, respectively. Where there was a scarcity of data approaching from
one side, the data were wrapped from the other side of the plot. A
minimum of four independent electrophoretic determinations were car-
ried out for each bend site.
DNA Simulations—The program LORDS (Long Range DNA Simu-
lator, P. S. Ho laboratory), which incorporates the helical parameters of
rise, twist, roll, and tilt from any number of different bending models,
was used to construct low resolution, three-dimensional structures for
the GAL1–10 and GAL80 promoter DNA (cf. Fig. 2). In this study, we
used the parameters derived by Bolshoy et al. (36), the parameters
derived by Goodsell and Dickerson (37), or the parameters from
Brukner et al. (40) to construct DNA models with LORDS.
RESULTS
We initially applied several computational bending algo-
rithms (36–38) to the promoter DNA sequences of the GAL1–10
and GAL80 genes. Although all models predicted intrinsic
bending, the models differed in the predicted locations and
strengths of the bends within the promoter regions (cf. Fig. 2A).
Thus, a preliminary experimental screening method was uti-
lized to identify intrinsically bent regions of DNA on which to
carry out circular permutation analysis. The screen involved
carrying out several restriction digests of GAL1–10 and GAL80
promoter DNA and testing the resulting sets of small (100–
400-bp) fragments for anomalous migration during polyacryl-
amide gel electrophoresis (see “Experimental Procedures”).
Two such sets of results are shown in Fig. 3.
The data identify some GAL1–10 promoter DNA fragments
that consistently demonstrate anomalously slow migration un-
der these electrophoresis conditions. That the anomalous mi-
gration is due to intrinsic bending is confirmed by the obser-
vation that the anomalies completely disappear when
electrophoresis is carried out in the presence of ethidium bro-
mide, a treatment that has been shown to remove migration
anomalies that are caused by bending (34). DNA fragments
containing the region immediately upstream of the GAL1
TATA consistently show the most anomalous migration behav-
ior (b or 1, Fig. 3A). However, in a fragment with an upstream
terminus closer to GAL1, at 659 bp, the anomalous migration is
largely abolished (not shown). This observation would suggest
that an intrinsic DNA bend lies between 600 and 659 bp.
Based on those types of observations, we carried out a circu-
lar permutation analysis (6) on a tandem head-to-tail dimer of
a fragment containing DNA from 550 to 896 bp on the GAL1–10
promoter (Fig. 1), as described under “Experimental Proce-
dures.” In this type of analysis, the dimer is cleaved with
restriction enzymes that cut once within each monomer unit,
producing a set of identically sized (monomer) DNA molecules
but with varying internal locations of any intrinsic bends. The
fragments with the highest relative mobility arise when the
restriction site that is cut lies at or near the center of the bend;
monomer fragments produced by this enzyme will not contain
the entire internal bend (6). The results are shown in Fig. 4. To
locate the bend center, we carried out a best-fit analysis on
each of the two distinct arms of the plot. By this analysis, the
bend center maps to 645 bp. Again, the presence of ethidium
bromide removes all anomalous migration and all Rf differ-
ences among the fragments (Fig. 4, open circles), indicating
that intrinsic curvature is responsible for the migration anom-
FIG. 1. Maps of the GAL1–10 and
GAL80 promoter and 5* coding regions.
The intergenic region of GAL1–10 (panel A)
and the upstream region of GAL80 (panel B)
are shown. The numbers below the thick line
are base pairs measured from a reference
EcoRI (GAL1–10) or MboII site (GAL80).
Upstream activation sequences (UASG) are
delineated by brackets, TATA boxes by a
boxed T, a GAL80-specific activation se-
quence (UASGAL80) by an inverted triangle,
an ;20-bp purine-pyrimidine tract by a
short dashed line, and the regions used in
the cyclic permutation experiments of Figs.
4 and 5 by rectangles. The transcription start
sites are located at the origins of the hori-
zontal, labeled arrows.
alies. Based on the slopes of the lines in these plots, one can
estimate the average bending angle (39). For the 645-bp bend,
this average angle is ;70° (Table I).
The bending models and the restriction digests predict two
other strong bends, at sites around 500 bp on the GAL1–10
promoter and around 500 bp on the GAL80 promoter. Circular
permutation analysis confirms both of these intrinsic bending
sites (Fig. 5), at 536 bp on GAL1–10 and at 551 bp on GAL80.
Again, these migration anomalies are not observed in the pres-
ence of ethidium bromide (not shown). The estimated bending
angles for these bends are ;50° for each (Table I).
These experimental results show fairly good agreement with
the Goodsell and Dickerson bending model (37), which is based
on nucleosome positioning data. For example, the experimen-
tally determined bend centers and magnitudes of the GAL1–10
536- and 645-bp bends and the 551-bp bend of GAL80 show
FIG. 2. Predicted intrinsic bending
in the 907-bp GAL1–10 intergenic re-
gion. A, low resolution models of the
yeast GAL1–10 gene were constructed us-
ing the program LORDS (see “Experimen-
tal Procedures”). The upper model was
constructed using the parameters of
Goodsell and Dickerson (37), whereas the
lower model used the parameters of Bol-
shoy, Harrington, and colloeagues (36).
The UASG, TATA (boxed T) and transcrip-
tion start sites are located above the DNA.
B, bend angles in the GAL-10 intergenic
sequence. The degrees of bending across
the intergenic region are compared for the
Goodsell and Dickerson (solid line) and
the Bolshoy and Harrington models
(dashed line) discussed in A. The bp val-
ues (x axis) correspond to those given in
Fig. 1A. A 100-bp window size was used in
the analysis.
FIG. 3. Anomalous gel mobility of
GAL1–10 promoter region DNA frag-
ments. Two restriction digests of DNA from
the GAL1–10 intergenic region are shown, a
HaeIII-RsaI double digest and a FokI digest.
Digests were electrophoresed under condi-
tions (see “Experimental Procedures”) de-
signed to maximize the slow migration of
DNA that contains internal bends and done
either in the absence (panel A) or presence
(panel B) of ethidium bromide (1 mg/ml).
Standard DNA digests (fX-HaeIII, pBR322-
MspI) were coelectrophoresed with the
GAL1–10 DNA to provide the calibration
(solid line). The locations of the GAL1–10
fragments labeled in the plots (a–c, 1–3) are
identified in the map above the plots.
excellent agreement with model predictions (Table I). More-
over, this model predicts a broad curvature above 900 bp on
GAL80 (well within the coding region), and we find evidence for
a bend centered at 960 bp (not shown). Also, in our initial
screen (gel migration anomalies), we did not detect evidence for
any intrinsic promoter region bends besides those predicted by
the Goodsell and Dickerson model. Thus, 300–500 bp on the
GAL1–10 promoter and 300–500 and 600–800 bp on the
GAL80 promoter are bend-free.
The Goodsell and Dickerson model (Fig. 2B) also predicts two
weaker bends just upstream of GAL10 (at ;220 and ;280 bp)
and a bend in the GAL10 59 coding region (at ;130 bp). Another
bending model, Brukner et al. (40), also predicts bends at ;130,
;190, and ; 280 bp (not shown). Migration anomaly and
circular permutation studies yield results that are consistent
with the presence of bends at ;130 and ;200 bp (cf. fragments
32 c in Fig. 3A and data not shown), but there is a much greater
variability in the mobility studies, and the circular permuta-
tion signals are much weaker for these bends than for the 536-
and 645-bp bends. Thus, it is likely that there are intrinsic
bends at ;130 and ;200 bp, but these bends are probably
weaker than the GAL1 proximal bends, as predicted (Table I).
The close proximity of the three GAL10-proximal bends might
also affect the strength of the bending signal from this region
and definitely complicates circular permutation studies. We
feel that these GAL10-proximal bends are not likely to be as
important as the stronger bends upstream of GAL1 and GAL80
and therefore have not pursued their study. The bend centered
at ; 280 bp is predicted to be the weakest of the GAL10-
proximal bends (Fig. 2B) and lies in a region with few restric-
tion sites.
DISCUSSION
Using gel mobility and circular permutation analyses, we
have detected fairly strong ($50°) sites of intrinsic DNA bend-
ing in the promoters of the yeast GAL1–10 structural genes and
the GAL80 regulatory gene. In vivo, these GAL promoters
contain two distinct types of chromatin regions: constitutively
non-nucleosomal hypersensitive regions in which the major
promoter elements, the UASG, reside; and nucleosomal regions,
where the TATA, Inr, and transcription start sites are found
(30). The single intrinsic DNA bend on the GAL80 promoter lies
in the non-nucleosomal region, between the UASGAL80 and the
more gene-proximal promoter elements (Fig. 6). The GAL80-
specific UASGAL80 activation sequence is the most upstream
element on GAL80 and is required for both basal and induced
expression. The intrinsic DNA bend might help to bring this
constitutively functioning promoter element closer to the gene
or to the other promoter elements. Intrinsic bends on prokary-
otic promoters often function in such an architectural role (9).
There are no intrinsic bends in the nucleosomal regions of the
GAL80 promoter (a or D, Fig. 6).
In contrast, the intrinsic bends in the GAL1–10 promoter are
all found within the promoter nucleosomal regions. These nu-
cleosomes (A–C, Fig. 6) cover the TATA and transcription start
sites of GAL1 and GAL10 under inactive (noninducing) condi-
tions, and their presence helps to implement gene repression in
those carbon sources (cf. Refs. 25 and 30). The strongest bends
lie at 536 and 645 bp within a nucleosome referred to as B (Fig.
6). In vivo, nucleosome B clearly has a strong locational pref-
erence, although it is not clear whether nucleosome B is abso-
FIG. 4. Circular permutation of the
GAL1–10 550–896-bp fragment. The
results from five separate, independent
electrophoretic runs are shown by the
closed symbols (l , f, , l, ). The lines
are best fits to the data from the five runs
(average r2 5 0.988). Relative migration
is the ratio of the particular fragment mo-
bility to the mobility that would be ex-
pected for the same size standard DNA
fragment (See “Experimental Proce-
dures”). Results from an electrophoretic
analysis done in the presence of ethidium
bromide are shown by the open circles.
TABLE I
Strong DNA bend locations
Experimental Predicteda
Bend
center
Calculated
bend angle
Bend
center
Bend
angle
bp bp
GAL1 645 ;70 ° 651 86 °
GAL1 536 ;50 ° 529 50 °
GAL80 551 ;50 ° 560 50 °
a From LORDS analysis, Goodsell and Dickerson model (37).
lutely positioned (25). The dyad center of this nucleosome
should lie around 595 bp (28), roughly midway between the two
bending sites. Based on the nucleosome positions estimated by
recent nuclease digestion studies (41, 42), the bend centers
would lie within the terminal 20 bp or so on each end of a
147-bp core nucleosome B.
These two intrinsic DNA bends might help determine the
location of nucleosome B in its preferred position. For example,
it has been suggested that nucleosomes have a preference to
locate more flexible DNA in their central region and that this
can be a determinant of nucleosome positioning (43, 44). The
preferred position of nucleosome B is consistent with this sug-
gestion; it places the more rigid (intrinsically bent) DNA near
the nucleosome termini, in regions where DNA is less con-
strained by nucleosome structure (45, 46) and locates the more
flexible interbend DNA within the nucleosome. However, nu-
cleosome B does not show positioning in vitro (47). Thus, these
intrinsic bends are apparently not capable by themselves of
imposing locational boundaries on nucleosome B. Other fea-
tures that could also contribute to the in vivo positioning of
nucleosome B have been discussed elsewhere (25). Despite the
presence of these intrinsic bends, nucleosome B is stable, per-
haps because the 110 bp of DNA between the two bending sites
is close to the length of DNA (;120 bp) that is strongly asso-
ciated with the core histones in the nucleosome (45, 46). Nev-
ertheless, these intrinsic DNA bends might interfere enough
with the normal wrapping of DNA on the nucleosome to cause
B to be less stable than a nucleosome without such bends.
These two intrinsic bends may play their most important
roles in the processes that are associated with the transcrip-
tional activation of GAL1. 1) When GAL1–10 expression is
activated in galactose, the promoter nucleosomes (A—C, Fig. 6)
appear to be completely removed (28, 48). The fact that the
strongest bends on the GAL1–10 intergenic region lie in nu-
FIG. 5. Circular permutation of the GAL1–10 366–606-bp fragment (A) and the GAL80 332–750-bp fragment (B). The results from four
separate, independent electrophoretic runs are shown by the closed symbols (l , f, , l). The lines are best fits to the data from the four runs
(average r2 5 0.941 (A) and 0.971 (B). Relative migration is the ratio of the particular fragment mobility to the mobility that would be expected
for the same size standard DNA fragment.
FIG. 6. Location of intrinsic DNA
bends. Onto the GAL1–10 and GAL80
promoter region maps from Fig. 1 are su-
perimposed the intrinsic bends deter-
mined from circular permutation, shown
as arrows above (GAL1–10) or below
(GAL80) the thick lines, and the promoter
region chromatin structures, depicted be-
low each DNA map. The ovals represent
nucleosomes, labeled A–C on GAL1–10
and a and D on GAL80. The dashed lines
labeled HR locate the non-nucleosomal,
hypersensitive regions found on each pro-
moter. The dotted arrow reflects the fact
that the bend at 280 bp is only a predicted
bend.
cleosome B may reflect the central role of B in the nucleosome
disruption process (for a review, see Ref. 25). For example, the
bends could preferentially destabilize nucleosome B, either in-
trinsically (see above) or by attracting factors (see below), thus
facilitating its complete disruption. The 645-bp bend also lies
very near the nucleosome terminus that shows accessibility
changes when histone H4 N termini are deleted or the acety-
lation sites are removed (41). These H4 mutations decrease
GAL1 induction levels by severalfold, indicating that the H4
tails normally play a role in GAL1 activation. Perhaps that role
involves the intrinsic bend.
2) It has been shown that placing an intrinsically bent DNA
sequence between an upstream activation element and a TATA
element will enhance transcription activation in vivo (20), and
a bent sequence in phase with the TATA strongly enhances
TBP-TATA binding (49). The center of the 645-bp bend lies 31
bp from the first TA step of the GAL1 TATA, roughly three
helical repeats of 10.5 bp, the solution repeat of DNA (50).
Thus, the 645-bp bend could function to enhance TBP-TATA
binding and GAL1 expression, as observed in the model sys-
tems. The intrinsic bend and the bend induced by TBP would,
if combined in phase, produce an ;150° bend.
3) The 645-bp bend may also recruit the yeast HMG ana-
logues NHP 6A/6B, which are absolutely required for high-level
GAL1 induced expression in vivo (1). NHP6A displays an en-
hanced affinity for distorted DNA structures and bends DNA
significantly upon binding to it (51, 52). Complete removal of
nucleosome B (during gene induction) will expose both the 536-
and 645-bp intrinsic bends to NHP6A, which could then bind to
one or both of these bent sequences. Competition of NHP6A for
these binding sites could even aid the nucleosome disruption
process, at least thermodynamically. Bending induced by
NHP6A binding should significantly shorten the distance be-
tween the UASG sequences and the TATA-bound TBP. Per-
haps, more importantly, it has been shown in vitro that NHP6A
stimulates polymerase II transcription by promoting the for-
mation of an especially favorable TBP initiation complex (1).
The bend at 645 bp would appear to be a suitable site from
which NHP6A could promote the TBP complex assembly on
GAL1. Both the TATA and UASG functions on GAL1 depend on
NHP6A/6B (1). Thus, the strong bends upstream of GAL1 may
function in nucleosome location in the inactive state and in
gene activation during induction.
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